A combined study of rock-forming mineral and O isotope compositions, zircon U-Pb ages, trace element compositions, mineral inclusions and Hf-O isotopes was made on orogenic peridotites from North Qaidam in northern Tibet to provide insights into crustal metasomatism at the slab-mantle interface in a continental subduction channel. Rock-forming mineral O isotope analyses yield olivine d
INTRODUCTION
Subduction zones are major sites for mass and energy exchange between the crust and mantle and thus subduction zone processes are a key to the heterogeneity of the mantle and the chemical differentiation of the Earth (e.g. Stern, 2002; Bebout, 2007; . Subduction of oceanic crust releases a large amount of fluid into the mantle wedge, leading to its partial melting and resultant volcanic arc magmatism (e.g. Tatsumi & Eggins, 1995; Spandler & Pirard, 2013; . Compared with oceanic crust, continental crust is usually considered to be relatively dry (Liou et al., 1997; Rumble et al., 2003; Zheng et al., 2003) . However, more and more studies indicate that there is also significant action of fluids during continental collision, especially in the exhumation stage of deeply subducted continental crust (Zheng, 2009; Hermann et al., 2013; Xiao et al., 2015) . The continental crust-derived fluids are inferred to react with the overlying subcontinental lithospheric mantle (SCLM) wedge peridotite at the slab-mantle interface in a subduction channel (Zheng, 2012; Zheng & Hermann, 2014) . Although a great number of studies have been devoted to understanding the generation and exhumation of ultrahigh-pressure (UHP) metamorphic rocks in collisional orogens (e.g. Carswell & Compagnoni, 2003; Liou et al., 2009; Zheng et al., 2012; Hermann & Rubatto, 2014) , relatively little attention has been paid to chemical transfer processes at the slab-mantle interface in continental subduction channels.
A series of tectonic and magmatic processes such as oceanic arc magmatism, back-arc rift magmatism, continental arc magmatism, the closure of back-arc basins, arc-continent collision, continental subduction and continent-continent collision can occur at convergent continental margins (e.g. Dewey & Bird, 1970; Zheng et al., 2015) . Geodynamically, continental subduction is generally preceded by oceanic subduction, with subsequent collision between two continental blocks. Highpressure (HP) to ultrahigh-pressure (UHP) metamorphic rocks from both oceanic and continental protoliths with similar metamorphic ages have been observed in the same subduction zones (e.g. Song et al., 2014a; Zhou et al., 2015; Zhang et al., 2016d) , indicating the occurrence of this tectonic transformation from oceanic to continental subduction. Because of the significant difference in composition between the subducting crust and the overlying wedge mantle, crust-derived fluids would metasomatize the mantle wedge peridotite at the slabmantle interface (Zheng, 2012; Dai et al., 2014 Dai et al., , 2015 . Furthermore, there are a series of differences in the composition of fluids derived from subducting oceanic and continental crust, leading to different types of crust-mantle interactions in a continental subduction channel (Zheng & Hermann, 2014; . This is recorded by different compositions of post-collisional mafic igneous rocks that show variable contributions from different compositions in the subducting crust and mantle wedge (e.g. Dai et al., 2015; Zhao et al., 2015) . However, a direct constraint on geochemical contributions from the subducted crust can only be obtained from orogenic peridotites from continental collision zones.
Orogenic peridotites are common in many UHP metamorphic terranes in collisional orogens; they are normally categorized into mantle-type (M-type) and crustal-type (C-type), respectively, based on their petrology, geochemistry and tectonic evolution (e.g. Carswell et al., 1983; Brueckner & Medaris, 2000; Nimis & Morten, 2000; Zhang et al., 2000; Reverdatto et al., 2008) . The M-type peridotites are primarily located in the SCLM wedge overlying the subducting continental crust, and were later tectonically scraped off by the subducting or exhuming continental crust and eventually brought to the surface. Therefore, M-type peridotites in collisional orogens can provide a direct lithological record of geochemical transfer from deeply subducted crust to the overlying SCLM wedge at convergent plate margins (Zheng, 2012) . Crustal metasomatism at the slab-mantle interface in continental subduction channels has been widely recognized in orogenic peridotites (Nimis & Morten, 2000; Rampone & Morten, 2001; Zheng et al., 2003; Hermann et al., 2006a; Scambelluri et al., 2006 Scambelluri et al., , 2008 Scambelluri et al., , 2010 Zhang et al., 2011; Chen et al., 2013a Chen et al., , 2015b Vrijmoed et al., 2013) . However, the timing and mechanism of crustal metasomatism and the composition, nature and origin of the crustal materials remain unclear. In particular, it is not known whether metasomatism by fluids originating from deeply subducted oceanic crust occurs in fossil continental subduction zones.
Mineral O isotope compositions not only provide a means to recognize the crustal signature in mantlederived rocks, but also allow distinction in the nature of the materials providing that signature between the oceanic and continental crust. Zircon can be readily crystallized from aqueous solutions and hydrous melts, provided that Zr and Si in these fluids achieve saturation (e.g. Rubatto & Hermann, 2003; Hermann et al., 2006a; Zheng, 2009; Chen et al., 2010; Hermann et al., 2013; Li et al., 2013) . Because of its refractory nature and high closure temperature for element diffusion, zircon is an important mineral to determine the age and origin of host-rocks that have a complicated history (e.g. Hermann et al., 2006a; Chen et al., 2010; Li et al., 2014) . By means of zircon U-Pb dating, in combination with analyses of mineral inclusions, trace elements and Hf-O isotopes in orogenic peridotites, we are in a position to decipher the timing, nature and extent of crust-mantle interaction in a continental subduction channel, providing constraints on the tectonic evolution of crustal and mantle rocks in deep subduction zones.
Zircon separates have been recovered from orogenic peridotites in North Qaidam, northern Tibet, and their zircon U-Pb ages have been reported previously (Song et al., 2005b; Meng & Zhang, 2009; Xiong et al., 2011 Xiong et al., , 2014 . The presence of crustal signatures in these peridotites has been identified by petrological and geochemical analyses (Song et al., 2005a (Song et al., , 2007 . However, the origin of the zircons in these ultramafic rocks remains enigmatic. The results of a combined study of rock-forming mineral O isotopes, as well as zircon U-Pb ages, trace elements, mineral inclusions and Hf-O isotopes for orogenic peridotites from North Qaidam are presented here. The results provide geochemical evidence for crustal metasomatism at the slab-mantle interface in a continental subduction channel, with metasomatic fluids originating from both deeply subducted oceanic and continental crust.
GEOLOGICAL SETTING AND SAMPLES
The North Qaidam zone is located in the northeastern margin of the Tibetan Plateau. It comprises HP to UHP metamorphic terranes between the Qilian Block to the north and the Qaidam Block to the south (e.g. Song et al., 2014a) . The zone extends discontinuously for about 400 km from Dulan, northwestward through Xitieshan and Lü liangshan (also named Shenglikou) to Yuka, and is offset by the Altyn Tagh Fault (Fig. 1 ). It is characterized by the presence of an Early Paleozoic UHP metamorphic zone, which is mainly composed of paragneisses and orthogneisses of the Proterozoic Dakendaban Group, and their enclosed eclogites, peridotites, and granulites (e.g. Yang et al., 1994 Yang et al., , 2002 Wan et al., 2006; Mattinson et al., 2007; Zhang et al., 2008; Chen et al., 2009; Song et al., 2014a) . Based on field relationships and lithological assemblages, four subunits can be distinguished from SE to NW: the Dulan eclogite-gneiss terrane, the Xitieshan eclogite-gneiss terrane, the Lü liangshan peridotite-gneiss terrane and the Yuka eclogite-gneiss terrane.
Findings of coesite inclusions in metapelites and eclogites in North Qaidam (Yang et al., 2002; Song et al., 2003; Zhang et al., 2009a Zhang et al., , 2009b Zhang et al., , 2010 Liu et al., 2012; Yu et al., 2013b) demonstrate the subduction of crustal rocks to mantle depths of >80 km for the UHP metamorphism. The gneisses and most eclogites have early Paleozoic metamorphic ages and Neoproterozoic protolith ages (e.g. Song et al., 2014a) . In contrast to the majority of eclogites that originated from the continental crust, some eclogites from the Dulan area are interpreted as relicts of Cambrian oceanic crust (Zhang et al., , 2009a (Zhang et al., , 2016d Song et al., 2014a ). It appears that both continental-and oceanic-type eclogites occur in North Qaidam, and they exhibit significant differences in their zircon Hf-O isotope compositions (Zhang et al., 2016d) . Inherited zircons with U-Pb ages up to 2Á8 Ga and early Neoproterozoic metamorphic zircon and monazite have also been identified in some gneisses (Wan et al., 2006; Mattinson et al., 2007; Zhang et al., 2012) . However, there are also wide exposures of granitic igneous rocks in North Qaidam that have zircon UPb ages of 410-435, 390-405 and 360-386 Ma, corresponding to syn-and post-collisional magmatism (Wu et al., 2007 (Wu et al., , 2009 Yu et al., 2012; Wang et al., 2014; Song et al., 2015) .
Garnet peridotite in the Lü liangshan area occurs as a large lens ($500 m Â 800 m), located at the western part of the North Qaidam UHP zone, about 20 km south of the town of Da Qaidam (Fig. 1b) . It is hosted in an eclogite-bearing quartzofeldspathic gneiss terrane and cut by a granite with an emplacement age of $400 Ma (Yang et al., 1994; Song et al., 2007 Song et al., , 2014a Wu et al., 2007; Zhang et al., 2008) . The peridotite massif consists dominantly of garnet lherzolite, with some garnetbearing harzburgite and dunite, dunite and garnet pyroxenite (Song et al., 2005b (Song et al., , 2007 . The peridotite body is demonstrated to have experienced UHP metamorphism at mantle depths of >200 km by the following observations: (1) mineral exsolution lamellae such as rutile þ two pyroxenes þ sodic amphibole in garnet; (2) mineral exsolution lamellae such as ilmenite þ Alchromite in olivine; (3) the presence of a diamond inclusion in zircon (Song et al., 2005a (Song et al., , 2005b . Zircon U-Pb dating for the orogenic peridotite and pyroxenite has yielded variable ages, with peak UHP metamorphism at c. 420-430 Ma (Song et al., 2005b; Xiong et al., 2011 ).
An early study by Song et al. (2007) suggested that the garnet peridotite could have originated from a late Precambrian Alaskan-type ultramafic intrusion. Based on low-temperature mineral inclusions, mineral major element compositions and pseudosection modeling, however, Yang & Powell (2008) argued that the garnet peridotite was emplaced into oceanic crust, serpentinized by seafloor hydrothermal alteration and then subducted to mantle depths for subsequent dehydration. Petrologically, however, the dunites at Lü liangshan are characterized by high Mg# values of 90Á7 -95Á0 and high Ni contents of 1876-2456 ppm (Yang et al., 1994; Song et al., 2007; Shi et al., 2010; Xiong et al., 2015) . Olivines in the dunites and harzburgites also have Mg# values of 91-94, and high NiO contents of 0Á35-0Á49% (Song et al., 2007; Yang & Powell, 2008; Xiong et al., 2015) . These characteristics are similar to those in residual peridotites not only from Archean mantle such as dunites in the Western Gneiss Region of Norway (e.g. Beyer et al., 2006; Spengler et al., 2006) and M-type peridotites in the Dabie-Sulu orogenic belt (e.g. Zhang et al., 2009b) , but also from Archean mantle xenoliths (e.g. Griffin et al., 2002) . However, they are significantly different from the typical C-type peridotites from the Dabie-Sulu orogenic belt (e.g. Zhang et al., 2009b) . In situ Re-Os isotope analyses of sulfides and whole-rocks also indicate that the most refractory dunites have Archean model ages (Shi et al., 2010; Xiong et al., 2015) , suggesting their ancient origin. Therefore, the Lü liangshan peridotite massif was most probably a fragment of the Archean SCLM wedge rather than subarc high-MgO ultramafic cumulates or a C-type ultramafic intrusion (Shi et al., 2010; Xiong et al., 2011 Xiong et al., , 2015 . Although there is a consensus that the Lü liangshan peridotite underwent multiple episodes of metasomatism and was involved in early Paleozoic continental collision, the age and nature of crustal metasomatism are still controversial (Song et al., 2007; Yang & Powell, 2008; Shi et al., 2010; Xiong et al., 2011 Xiong et al., , 2014 Xiong et al., , 2015 .
The orogenic peridotites from the Lü liangshan area in North Qaidam are the focus of this study. The samples investigated include six garnet lherzolites, one garnet-free dunite, four garnet-bearing dunites and four garnet pyroxenites. Also included in this study is one sample of the gneiss that hosts the peridotites. Mineral abbreviations are from Whitney & Evans (2010) . Fluids are referred to as either aqueous solutions or hydrous melts, or both (Zheng & Hermann, 2014) .
The garnet lherzolite is porphyroblastic and shows partial serpentinization. It is mainly composed of garnet, clinopyroxene, orthopyroxene and olivine, with minor spinel (Fig. 2a and b) . Trace amounts of amphibole, magnetite, rutile and zircon were also observed in some samples. Porphyroblastic garnet contains abundant tiny mineral inclusions such as orthopyroxene and clinopyroxene. A few of these are rimmed or replaced by radial kelyphitic aggregates of orthopyroxene þ clinopyroxene þ spinel 6 amphibole (Fig. 2a) . Despite the variable serpentinization of the garnet lherzolite samples, unaltered minerals are still present. These include olivine, clinopyroxene, orthopyroxene and garnet (Fig. 2b) .
The garnet-free dunite is medium-grained, dominated by olivine with minor orthopyroxene, clinopyroxene and spinel. Olivine is strongly serpentinized and minor amounts of magnetite were observed at the boundaries of the serpentinized olivine grains. Garnet- bearing dunite is also medium-grained and has an equigranular texture. It is mainly composed of olivine with minor garnet, orthopyroxene and clinopyroxene. Garnet grains are porphyroblastic and a few garnet crystals in some samples are variably replaced by kelyphitic assemblages of orthopyroxene þ clinopyroxene þ spinel 6 amphibole. Spinel is fine-grained and occurs in some samples as primary fine to medium grains or as secondary veins within kelyphites. Rare amphibole was also observed in some dunite samples. Despite the variable extents of serpentinization in the dunite samples, abundant unaltered olivine relicts are still present between veinlets of serpentine and magnetite (Fig. 2c) .
The garnet pyroxenite is generally unaltered. It is medium-grained, and consists mainly of garnet, clinopyroxene and orthopyroxene, with minor amphibole, phlogopite, rutile and zircon (Fig. 2d , e, g and h). Some plagioclase occurs in garnet pyroxenite 09QL70 as a matrix and is generally associated with phlogopite. Most garnets are rimmed by kelyphitic coronas (Fig. 2d) .
The gneiss is primarily composed of quartz þ plagioclase þ K-feldspar þ biotite þ zircon þ apatite. Felsic veinlets composed of biotite, plagioclase and K-feldspar occur in mineral interstices (Fig. 2f) .
ANALYTICAL METHODS

Mineral major and trace element analyses
The major element compositions of minerals were determined on a JEOL JXA-8230 electron microprobe (EMP) at Hefei University of Technology, China. The working conditions were 15 kV accelerating voltage, 20 nA beam current and 1-5 lm beam diameter. Natural minerals and synthetic oxides were used as standards and a program based on the ZAF procedure was used for data correction. The analytical error for all elements is below 5%. All EMP analyses were located based on back-scattered electron (BSE) images for microstructure guidance.
The trace element compositions of minerals were measured in situ in thin section by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Geological Processes and Mineral Resources in China, University of Geosciences (CUG), Wuhan. The laser beam has a diameter of 32 lm, frequency of 8 Hz and an energy density of 14 J cm
À2
. Off-line selection, integration of background and analytical signals, time-drift correction and quantitative calibration for trace elements analyses of minerals were performed using EXCEL software ICPMSDataCal . Trace element concentrations were calibrated using external standards BCR-2G, BHVO-2G and BIR-1G without internal standards . The preferred values of element concentrations for the USGS reference glasses are from the GeoReM database (http://georem.mpch-mainz.gwdg. de). The analytical errors for most trace elements are within 610% (2r).
Bulk mineral O isotope analysis
Mineral separates were obtained for O isotope analysis. After crushing, a shaking table was used to separate heavy minerals, followed by magnetic separation and purification by hand picking under a binocular microscope. Only minerals that contain no or few inclusions were chosen for further analysis. Bulk mineral O isotope analysis was conducted using the laser fluorination (LF) technique with a 25 W MIR-10 CO 2 laser at CAS Key Laboratory of Crust-mantle Materials and Environments, University of Science and Technology of China (USTC), Hefei. O 2 was extracted from 1Á5 -2Á0 mg of mineral separates by reacting with BrF 5 at vacuum during the CO 2 laser heating and then directly transferred to a Finnigan Delta þ mass spectrometer for the measurement of O isotope ratios (Zheng et al., 2002 O was better than 6 0Á1% (1r), and reproducibility for repeated measurements of a single sample was better than 6 0Á1% (1r). Three reference standard minerals used during the analyses are as follows: garnet UWG-2 with d
18
O ¼ 5Á8% (Valley et al., 1995) , garnet 04BXL07 with d
O ¼ 3Á6% (Gong et al., 2007) and olivine SCO-1 with d
O ¼ 5Á2% (Eiler et al., 2000) .
In situ olivine O isotope analysis
In situ olivine O isotope analysis was carried out for one garnet lherzolite and one garnet dunite by secondary ion mass spectrometry (SIMS) using the Cameca (Bindeman et al., 2008; Eiler et al., 2011; Gurenko et al., 2011; Guo et al., 2013) . Uncertainties on single analyses are reported at the 2r level.
Zircon petrography and inclusion analysis
Representative zircon grains were separated from all the samples for various analyses. They were mounted in epoxy resin and then polished to expose the grain centre. All zircon grains were investigated using optical microscopy and cathodoluminescence (CL) images to reveal their external morphology and internal structure. The CL images were obtained using a JSM-6700F scanning electron microscope at the CAS O value of 5Á31 6 0Á10% (Li et al., 2010b) . Uncertainties on single analyses are reported at the 2r level. With low noise on the two Faraday cup amplifiers, the internal precision of a single analysis is generally better than 6 0Á2% for d
18
O values. After the O isotope analysis, the mounted zircons were carefully re-polished for U-Pb dating using the same SIMS system. The U-Pb dating was conducted on the same spot as the O isotope analysis. The analytical procedures have been described by Li et al. (2009) . The analytical ellipsoidal spot was about 20 lm Â 30 lm in size. Calibration of Pb/U was performed using the zircon standard Plesovice following the method of Li et al. (2009) . Correction for common lead was made using the measured 204 Pb and the model crustal Pb isotope compositon of Stacey & Kramers (1975) . U-Pb concordia diagrams and weighted mean calculations were made using the Excel program ISOPLOT/Ex 3.10 (Ludwig, 2003) . Uncertainties on single analyses are reported with 1r errors.
In situ zircon U-Pb dating and trace element analysis
In situ zircon U-Pb dating and trace element analyses were carried out by LA-ICP-MS at the State Key Laboratory of Geological Processes and Mineral Resources in China, CUG, Wuhan. Analytical protocols and data reduction methods follow those described by Liu et al. (2010a Liu et al. ( , 2010b . The laser beam has a diameter of 24 lm, a repetition rate of 5 Hz and an energy of $60 mJ. Some of the laser analyses were conducted on the same spots as the SIMS analyses. Zircon 91500 was used as the external standard for U-Pb dating; its preferred U-Th-Pb isotopic ratios are from Wiedenbeck et al. (1995) . Zircon standard GJ-1 was analyzed as a monitor and yields a 206 Pb/ 238 U age of 601 6 3 Ma (MSWD ¼ 0Á39, n ¼ 12), consistent with the recommended values of 599Á8 6 1Á7 Ma (Jackson et al., 2004) . Common Pb correction was carried out using the Excel program ComPbCorr#_151 (Andersen, 2002) . Apparent and discordia U-Pb ages were calculated using the Excel program ISOPLOT/Ex 3.10 (Ludwig, 2003 Hf ratios of 0Á282015 6 0Á000019 for GJ-1 (Elhlou et al., 2006) and 0Á282507 6 0Á000006 for Mud Tank (Woodhead & Hergt, 2005) , respectively.
The Lu-Hf isotope analysis in Wuhan was conducted using a Neptune Plus MC-ICP-MS system (Thermo Fisher Scientific, Germany) in combination with a Geolas 2005 excimer ArF laser ablation system (Lambda Physik, Gö ttingen, Germany). All data were acquired in single spot ablation mode with a spot size of 44 lm. Detailed operating conditions and analytical methods are the same as those described by Hu et al. (2012) Hf ratio of 0Á015 (Griffin et al., 2002) .
RESULTS
Mineral major and trace elements Olivine
Olivines in the dunites mostly have high Mg# values of $0Á92 and NiO contents of 0Á29-0Á49%, whereas those in the lherzolites have low Mg# values of 0Á89-0Á90 and NiO contents of 0Á31-0Á58% (Supplementary Data Table  A1 ; all supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). As shown in Fig. 3a , olivines in the lherzolites generally have Mg# values similar to or lower than those in the dunite. Olivines have extremely low contents of most trace elements (Supplementary Data Table A2 ).
Garnet
Garnets in the lherzolites are composed mainly of pyrope (65Á6-68Á2%), almandine (19Á7-22Á0%), grossular (6Á7-7Á8%) and uvarovite (2Á9-3Á9%) with lesser proportions of andradite (<1Á4%) and spessartine (<1%), whereas those in the pyroxenites have lower contents of pyrope (62Á5 -66Á5%) and uvarovite (1Á0-1Á8%), higher contents of grossular (9Á7-10Á9%) and almandine (20Á8-25Á3%), and similar contents of andradite and spessartine (Supplementary Data Table A1 ). The Mg# values of garnets in both lherzolites and pyroxenites are generally positively correlated with Cr 2 O 3 content (Fig.  3b) .
Garnets in the pyroxenites exhibit lower Mg# and Cr 2 O 3 than those in the lherzolites (Supplementary Data  Table A1 and Fig. 3b ). Garnet generally exhibits depletion in light rare earth elements (LREE) and thus has a relatively steep medium to heavy REE (MREE-HREE) pattern (Fig. 4a) . Garnets in the pyroxenites exhibit weak negative Eu anomalies. In the primitive mantlenormalized trace element patterns (Fig. 4b ), garnets show negative Sr and Ti anomalies but positive U and Pb anomalies relative to neighboring elements and dsiplay different extents of enrichment or fractionation in high field strength elements (HFSE). Garnets in the pyroxenites exhibit higher contents of U and Pb but lower contents of Hf and Eu than those in the lherzolites (Supplementary Data Table A2 and Fig. 4b ).
Clinopyroxene
Clinopyroxenes are diopsidic in the dunites, lherzolites and pyroxenites, with Mg# ranging from 0Á90 to 0Á96, Cr 2 O 3 contents of 0Á14-1Á22%, Al 2 O 3 contents of 0Á51-2Á44% and Na 2 O contents of 0Á15-1Á37% (Supplementary Data Table  A1 ). As shown in Fig. 3c and 3d, compared with clinopyroxenes in the lherzolites, those in the pyroxenites have lower Cr 2 O 3 contents, similar or lower Mg# values, and similar Na 2 O contents; clinopyroxenes in the dunites generally have the highest Mg# values. Clinopyroxenes all exhibit LREE enrichment; clinopyroxenes in the pyroxenites have higher LREE than those in the dunites and lherzolites (Fig. 4c) . In primitive mantle-normalized trace element patterns, clinopyroxenes show positive U, Pb and Sr anomalies relative to neighboring elements, with U > Th and Ta > Nb, and display variable fractionation in the HFSE (Fig. 4d) . Clinopyroxenes in the pyroxenite have the highest contents of LREE, Th, U, Pb and Sr relative to those in the dunite and lherzolite (Supplementary Data Table A2 and Fig. 4d ).
Orthopyroxene
Orthopyroxenes in the dunites, lherzolites and pyroxenites all show large variations in Mg#; those in the pyroxenites generally have the lowest Mg# (Fig. 3e) . Orthopyroxenes have overall low contents of trace elements (Supplementary Data Table A2 ). They show large variations in highly incompatible elements (Supplementary Data Table A2 ) and positive anomalies in U and Pb relative to the adjacent trace elements ( Fig.  4e and f) . Except for the lower contents of Eu and thus marked negative Eu anomalies in orthopyroxenes from the pyroxenites, the other trace elements are generally comparable in abundance for orthopyroxenes from the dunites, lherzolites and pyroxenites ( Fig. 4e and f).
Spinel
Spinels are mainly observed in the dunites and lherzolites, and occur as primary fine to medium grains or secondary veins within kelyphites. Most spinels show a large variation in Mg# but a small variation in Cr#, whereas the secondary spinels generally have higher Mg# but lower Cr# (Fig. 3f ).
Amphibole and phlogopite
Amphiboles from the dunites, lherzolites and pyroxenites are all magnesiohornblendes (Supplementary Data Table  A1 ). They generally show enrichment in LREE; those in the pyroxenites have higher REE contents than those in the dunites and lherzolites and thus enriched MREE-HREE patterns (Fig. 4g ). Two groups of amphiboles were identified in the pyroxenites. Group I (Amp-1 in Fig. 4g ) has lower REE contents without Eu anomalies, whereas (g, h) , and phlogopite (i, j). Also shown in (a) are garnet REE patterns calculated to be in equilibrium with clinopyroxene and in (c) clinopyroxene REE patterns calculated to be in equilibrium with garnet based on garnetclinopyroxene REE partitioning coefficients for peak minerals in the Duria garnet peridotite (Hermann et al., 2006b) . Chondrite and primitive mantle values are from Sun & McDonough (1989) and McDonough & Sun (1995) , respectively.
Group II (Amp-2 in Fig. 4g ) exhibits higher REE contents with marked negative Eu anomalies (Fig. 4g ). In the normalized trace element patterns, all the amphiboles exhibit significant positive Pb anomalies relative to the neighboring elements and different extents of enrichment or fractionation in the HFSE (Fig. 4h ). Phlogopite occurs in the pyroxenite and is a significant reservoir of incompatible and volatile elements. It shows strong enrichment in fluidmobile elements, but obvious depletion in Th, U and LREE ( Fig. 4i and j) .
Mineral O isotopes
The O isotope compositions of rock-forming mineral separates from the garnet lherzolites, dunites, garnet pyroxenites and gneiss were analyzed by the LF technique and the results are presented in Table 1 Oxygen isotopes in olivine from garnet lherzolite 09Q63 and garnet dunite 2C40 were analyzed in situ by SIMS (Table 2) . For lherzolite 09Q63, olivine grains exhibit d
18 O values of 4Á96-5Á63% with a weighted mean of 5Á3 6 0Á1% ( 
Zirconology
Zircon U-Pb dating and O isotope analyses were performed by SIMS for garnet lherzolite 09QL64 and garnet pyroxenite 09QL71. In addition, three ultramafic samples (garnet lherzolite 09QL64, garnet pyroxenite 09QL70 and garnet pyroxenite 09QL71) and one gneiss sample were analyzed by LA-(MC)-ICP-MS for their zircon U-Pb ages, trace elements and Lu-Hf isotopes. All of these data are presented in Supplementary Data Tables A1-A5. Table 3 presents a summary of zircon UPb ages, Hf-O isotopes and representative trace elements for the studied samples. Ti-in-zircon temperatures were calculated following the calibration of Ferry & Watson (2007) . Because the target orogenic peridotites do not contain quartz, their a SiO2 values are lower than 1Á0, thus a value of 0Á5 was used in this study. Rutile is present in both lherzolites and pyroxenites, so their a TiO2 values are assumed to be 1Á0. Rutile is not present in the gneiss, so we assume a SiO2 ¼ 1Á0 and a TiO2 ¼ 0Á5 for its geothermometry calculation.
Garnet lherzolite 09QL64
Zircon grains generally show weak or no zoning and intermediate luminescence (Fig. 8a) ; they contain mineral inclusions of Ol, Opx, Cpx and Gr (Fig. 9) . A few of them show core-rim structures. The cores show intermediate luminescence and no zoning, whereas the rims show bright CL and no zoning (Fig. 8a ). These two domains have similar trace element and Hf-O isotope compositions (Table 3) . Except for two analyses that give younger U-Pb ages of 392 6 6 and 404 6 6 Ma, most of the SIMS analyses yield relatively consistent 206 Pb/ 238 U ages of 412 6 2 to 426 6 6 Ma, with a weighted mean of 419 6 3 Ma (Fig. 10a) . The LA-ICP-MS analyses also yield similar concordant ages of 420 6 4 Ma (Fig. 10b ). 
The analytical precision of d
18
O was better than 6 0Á2% (2r).
All of the zircon domains exhibit high Th/U ratios, generally > 0Á1 (Table 3 ). Owing to the low REE contents, these zircons show some very odd 'saw-like' MREE-HREE patterns. However, they generally exhibit relatively flat HREE patterns with low (Lu/Gd) N ratios of 0Á16-6Á96, with no or positive Eu anomalies (Figs 11 and 12 Hf (0Á281771-0Á281959) and negative e Hf (t) values of -27Á9 to -19Á5 (Table 3) . They all show relatively homogeneous d
O values of 5Á4-6Á3% (Table 3) .
Garnet pyroxenite 09QL70
Zircon grains show clear core-rim structures in CL images (Fig. 8c ). Most cores exhibit bright 
luminescence with no zoning, weak zoning or planar zoning; a few of them show intermediate luminescence with no zoning, whereas the rims show dark luminescence with no zoning or weak zoning. The bright luminescent cores have 206 Pb/ 238 U ages of 424 6 13 to 430 6 5 Ma with a weighted mean of 428 6 4 Ma (Fig. 10e) . Most of the cores exhibit low Th/U ratios of < 0Á01, relatively flat HREE patterns with (Lu/ Gd) N ratios of 1Á9-6Á8, and weak negative Eu anomalies with Eu/Eu* ratios of 0Á49-0Á88 (Table 3 and Fig. 12b Hf ratios of 0Á282300-0Á282511 and low e Hf (t) values of -7Á3 to 0Á1 (Table 3) . One analysis yields a higher Th/U ratio of 0Á26, a lower REE content, a flatter HREE pattern with a (Lu/Gd) N Hf ratio of 0Á282792, and a positive e Hf (t) value of 10Á0 (Table 3 and Fig. 11b ). These zircon domains contain rare olivine inclusions (Fig. 9a) .
The intermediate luminescent cores and some of the rims have 206 Pb/ 238 U ages of 398 6 15 to 409 6 6 Ma, with a weighted mean of 404 6 5 Ma (Fig. 10e ). They are characterized by low Th/U ratios of 0Á01-0Á02, high REE contents, steep HREE patterns with (Lu/Gd) N ratios of 6Á4-19Á2, and negative Eu anomalies with Eu/Eu* ratios of 0Á1-0Á57 (Table 3 Hf ratios of 0Á282298-0Á282392, and thus lower e Hf (t) values of -8Á0 to -4Á6 (Table 3 and Fig. 14b) .
The other dark luminescence rims have young 206 Pb/ 238 U ages of 368 6 3 to 371 6 3 Ma with weighted mean of 368 6 3 Ma (Fig. 10e) . These domains exhibit similar trace element characteristics and Lu-Hf isotope compositions to the$400 Ma zircon domains (Table 3 , Figs 11b and 14b). Rare inclusions of calcite and dolomite were observed in this group of zircon domains ( Fig. 9e and f) .
Garnet pyroxenite 09QL71
Zircon grains show core-(mantle)-rim structures (Fig. 8c) . The cores exhibit no zoning and intermediate luminescence or high luminescence, the mantles exhibit no zoning and high luminescence, and the rims exhibit no zoning and low luminescence (Fig. 8c) . Most of the rims are too thin to analyze. Some Cpx and Gr inclusions were observed in the intermediateluminescent cores, and Cpx inclusions were observed in the high-luminescent cores and mantles (Fig. 9) . The intermediate-luminescent cores have high Th/U ratios of 0Á26-0Á59, relatively flat HREE patterns with (Lu/Gd) N ratios of 0Á24-1Á5, and variable Eu anomalies (Table 3 and Fig. 11c ). The high-luminescent cores and mantles exhibit lower Th/U ratios of 0Á04-0Á1, slightly lower REE contents, steeper HREE patterns with (Lu/ Gd) N ratios of 3Á2-8Á9, and only a weak negative Eu anomaly (Table 3, Figs 11c and 12) . The very odd 'sawlike" MREE-HREE patterns of these zircon domains are caused by the low REE contents. Despite the difference in trace element characteristics, the intermediate-and high-luminescent domains give similar U-Pb ages of 401 6 6 to 434 6 7 Ma with a weighted mean of 417 6 4 Ma (Fig. 10c) . They also show a similarly narrow range of Hf-O isotope compositions ( Hf/ 177 Hf ratios of 0Á282753-0Á282827, and e Hf (t) values of 8Á7-11Á2 (Table 3 and Fig. 14b ). The weakly luminescent rims exhibit low Th/U ratios of < 0Á1 and the highest REE contents, steepest HREE patterns with (Lu/Gd) N ratios of 10Á7-13Á0 and marked negative Eu anomalies ( Hf ratio of 0Á282813 and a e Hf (t) value of 10Á4 (Table 3 and Fig. 14b ).
Gneiss 09QL79
Zircon grains show complex core-mantle-rim or corerim structures (Fig. 8d) . Most of the cores exhibit oscillatory or blurred oscillatory zoning and intermediate luminescence, the remaining cores and mantles exhibit cloudy zoning or no zoning and high luminescence, and the rims are CL-dark and exhibit no zoning or oscillatory zoning (Fig. 8d) .
The intermediate-luminescent cores have high Th/U ratios (Table 3) , high REE contents, steep HREE patterns, and positive Ce and negative Eu anomalies (Table 3 and Fig. 11d ), suggesting that they are relict zircons of magmatic origin. They show variably concordant to nearly concordant U-Pb ages (Fig. 10f) . The high-luminescent cores and mantles give concordant U-Pb ages of 423 6 5 to 439 6 8 Ma, with a weighted mean of 429 6 5 Ma (Fig.   Fig. 7 . Oxygen isotope plots for coexisting minerals in peridotites and pyroxenites from the Lü liangshan area in North Qaidam. Fractionation lines at different temperatures are drawn by applying the theoretical calibrations of Zheng (1991 Zheng ( , 1993a Zheng ( , 1993b . The transparent bars denote the normal mantle d
18 O values for different minerals after Mattey et al. (1994) and Chazot et al. (1997) . 3c  425  0Á52 0Á000001 0Á282794  11Á0 0Á88  1Á53  0Á65  4c  417  0Á32 6Á2  4c  422  0Á44 0Á000001 0Á282827  11Á2 0Á47  1Á16  0Á63  5c  417  0Á26 6Á3  5c  424  0Á31 0Á000001 0Á282808  10Á6 1Á39  1Á50  0Á85  7c  424  0Á37 6Á2  7c  421  0Á40 0Á000001 0Á282796  10Á1 0Á62  1Á27  0Á24  9c 430
10f). They exhibit low Th/U ratios of < 0Á1, low REE contents, relatively flat HREE patterns, and display only a weak negative Eu anomaly ( Hf ratios from 0Á282182 to 0Á282568 and e Hf (t) values of -11Á4 to 2Á2 (Table 3 and Fig. 14c) .
The CL-dark rims gave concordant U-Pb ages of 400 6 5 to 4136 6 Ma with a weighted mean of 404 6 4 Ma (Fig. 10f) . These domains have low Th/U ratios (generally < 0Á1), high REE contents, steep HREE patterns with (Lu/Gd) N ratios of 12-32 and marked negative Eu anomalies ( (Table 3 and Fig. 14c ). Some zircon domains in this sample have elevated LREE contents, which may be caused by LREE-rich inclusions within the zircon. 13c  424  0Á32 6Á2  11c  429  0Á35 0Á000001 0Á282789  10Á1 0Á45  1Á36  0Á67  14c  420  0Á40 6Á1  16c  421  0Á28 6Á0  12c  430  0Á31 0Á000001 0Á282795  10Á3 1Á32  1Á55  0Á76  19c  409  0Á29 6Á4  15c  426  0Á35 0Á000001 0Á282811  10Á7 1Á03  1Á32  0Á74  20c  404  0Á59 5Á9  16c  426  0Á46 0Á000003 0Á282817  11Á0 0Á74  2Á03  0Á72  23c  428  0Á45 6Á4  19c  422  0Á64 0Á000001 0Á282802  10Á4 2Á01  1Á03  1Á50  HL core and mantle  1c  416  0Á04 6Á0  1c  427  0Á06 0Á000001 0Á282820  11Á1 0Á74  0Á79  3Á23  3m  412  0Á04 6Á6  2m 0Á3 0Á07 3364  14Á8  5c  927  0Á18 0Á000187 0Á282154  -1Á5  263  1Á06  7c  939  0Á07 0Á000211 0Á282178  -0Á4  303  3Á72  9c  939  0Á09 0Á000143 0Á282240  1Á9 0Á07  224  1Á91  12c  924  0Á43  0Á08  458  18Á2  13n  793  0Á15 0Á002279 0Á282359  1Á7 0Á02 1227  26Á9  14c  698  0Á06  0Á06  279  5Á72  17c  827  0Á20 0Á002449 0Á282229  -2Á3 0Á06 2197  20Á9  18c  1188  0Á27  0Á16  232  15Á5  21c  931  0Á11 0Á000483 0Á282233  1Á2 0Á01  141  1Á18  23c  937  0Á10 0Á000191 0Á282180  -0Á4  178  1Á10  26c  714  0Á37 0Á000660 0Á282200  -4Á8 0Á03  348  20Á8  29c  915  0Á23 0Á002392 0Á282232  -0Á3 0Á00 1186  28Á0  3c  430  0Á01 0Á000047 0Á282182 -11Á4 0Á74  38Á0  3 Á38  10c  435  0Á04 0Á000018 0Á282332  -6Á0 0Á48  13Á8  5 Á41  15m  431  0Á02  0Á59  30Á7  2 Á26  16m  423  0Á02  0Á55  34Á0  3 Á53  24c  429  0Á02 0Á000235 0Á282568  2Á2 0Á54  180  16Á7  28c  439  0Á01 0Á000054 0Á282289  -7Á5 0Á74  60Á6  3 Á02  6r  408  0Á04 0Á000349 0Á282316  -7Á3 0Á11  247  12Á9  8m  403  0Á03 0Á002171 0Á282394  -5Á1 0Á18 1594  14Á6  19m  403  0Á01 0Á000202 0Á282270  -9Á0 0Á35  127  31Á8  22r  402  0Á04 0Á001737 0Á282474  -2Á2 0Á14 2027  37Á2  25r  400  0Á03  0Á15  303  13Á7  27r  403  0Á17  0Á16 1128  23Á4  30c  413  0Á03 0Á000180 0Á282232 -10Á1 0Á08  136  11Á6   1 c, m, r and n denote zircon core, mantle, rim and no zoning domains, respectively. 
DISCUSSION
Mineral O isotopes record fluid metasomatism in orogenic peridotites
The normal mantle has d
18
O values of 4Á8-5Á5% for Ol, 5Á4-5Á8% for Grt, 5Á2-5Á9% for Cpx, and 5Á6 to 6Á0% for Opx (Mattey et al., 1994; Chazot et al., 1997) . The extent of O isotope equilibrium among metamorphic and magmatic minerals can be accessed by comparing measured fractionations with experimentally and theoretically determined fractionation factors at high temperatures (e.g. Zheng, 1991 Zheng, , 1993a Zheng, , 1993b Zheng, , 1999 Matthews, 1994) . At thermodynamic equilibrium, peridotite minerals show the following sequence of decreasing d The O isotope composition of minerals can be significantly affected by water-rock interaction, which is a function of the water/rock ratio, temperature, the d
18 O values of both water and rock, and the isotopic exchange rate between mineral and water (Taylor & Sheppard, 1986; Cole & Chakraborty, 2001) . It is likely that the minerals in a single sample underwent waterrock interaction at similar water/rock ratios and temperatures. Thus the resultant d
18 O values of the minerals are mainly determined by the rates of O diffusion in the minerals. Experimental and theoretical studies have demonstrated that the rates of O diffusion in different minerals follow the sequence pyroxene > olivine > garnet > zircon (Zheng & Fu, 1998; Brady & Cherniak, 2010; Farver, 2010) . This suggests that pyroxene is more susceptible to O isotopic exchange than olivine, garnet and zircon, whereas the latter three minerals are less affected by fluid metasomatism than pyroxene. Figs  5 and 6 ). In addition, most of our samples exhibit O isotope disequilibria between coexisting minerals (Fig. 7) . Garnet and clinopyroxene in the lherzolites and pyroxenites also have different REE compositions from the calculated garnet and clinopyroxene ( Fig. 4a and c) , suggesting that garnet and clinopyroxene are not in REE equilibrium. This lends further support to the (Fig. 7) , indicating metasomatic alteration by low-d
O fluids at high temperatures of >400 C (Zhao & Zheng, 2003) . This is consistent with the behavior of O diffusion in these minerals. The pink ellipses denote the high-luminescent rims in garnet lherzolite 09QL64 and high-luminescent cores and mantles in garnet pyroxenite 09QL71. The red ellipses denote the low-luminescent rims in garnet pyroxenites 09QL70 and 09QL71 and gneiss 09QL79. The green ellipses denote the low-luminescent rims in garnet pyroxenite 09QL70. The black ellipses denote the oscillatory or blurred oscillatory zoned cores in gneiss 09QL79.
The lowest d
18 O values occur in spinel (-0Á73 to 1Á32%) and garnet (3Á03%) from dunites ( 18 O values of spinel can only be caused by deserpentinization at UHP conditions. The spinel in the studied dunite shows large variations in Cr and Al contents, with significantly lower Al contents in the rim (Fig. 3f) . This suggests that the dunite precursor experienced serpentinization at fore-arc depths and then underwent dehydration through serpentine breakdown at sub-arc depths. In this regard, the original serpentinization of the peridotite took place at a shallower level (Song et al., 2007; Yang & Powell, 2008) , whereas deserpentinization at a deeper level is important for spinel growth in the continental subduction zone.
The 18 O values for pyroxene than for garnet, because of the higher rate of O diffusion in pyroxene than in garnet. However, there are both positive and negative O isotope fractionations between clinopyroxene and garnet in the garnet pyroxenite (Fig. 7) 
The origin of low-d 18 O metasomatic fluids
It is evident that the Lü liangshan orogenic peridotites and pyroxenites were generated through metasomatic reactions with both high-and low-d Zhang et al., 2008 Zhang et al., , 2016d Song et al., 2014a) . These eclogites experienced UHP metamorphism together with the subducted continental crust (e.g. Zhang et al., 2010; Song et al., 2014a) . They have protolith ages of 500-540 Ma and eclogite-facies metamorphic ages varying from 462 to 424 Ma (Song et al., 2014a; Zhang et al., 2016d) . The older metamorphic ages of c. 460 Ma are similar to the formation age of oceanic-type eclogite in North Qilian (e.g. Song et al., 2013) . Zircons in these oceanic-type eclogites have similar or lower d
18 O values relative to normal mantle (Fig. 15) , indicating that these oceanictype eclogites can release low-d 18 O fluids. Although zircon with U-Pb ages older than 430 Ma was not found in this study (this may be due to the limited number of analyzed samples), some zircon domains with U-Pb ages of 440-484 Ma (a weighted mean of 457 6 22 Ma) have been reported for the Lü liangshan peridotites (Song et al., 2005b (Song et al., , 2014a . They have low Th/U ratios (most of them < 0Á1), well below the typical Th/U ratios of > 0Á1 for magmatic zircon (e.g. Kinny et al., 1999; Rubatto, 2002) . They resemble the Robazhai and Tengjia peridotites in the Dabie-Sulu orogenic belt Li et al., 2016) , and peridotite xenoliths in Phanerozoic igneous rocks from the eastern North China Craton (Zheng et al., 2006) , in which the zircons appear to reflect the external addition of Zr to the wedge mantle by metasomatic fluids. In this regard, the 460 Ma zircon domains would be of metasomatic origin rather than magmatic origin. These ages of $460 Ma are also consistent with the known age for eclogitefacies metamorphism of the subducted oceanic crust in North Qaidam (Song et al., 2014a; Zhang et al., 2016d) . It is possible that this episode of zircon growth is associated with the action of low-d
18 O fluids derived from dehydration of the subducting oceanic crust preceding continental subduction. Correlations between representative trace element contents and ratios for zircons from orogenic peridotites and pyroxenites and gneiss from the Lü liangshan area in North Qaidam. GL, GP, GN and RC denote the garnet lherzolite, garnet pyroxenite, gneiss and relict core, respectively; ML and HL denote the intermediate-luminescent domains and high-luminescent domains, respectively, for zircon in garnet lherzolite 09QL64 and garnet pyroxenite 09QL71.
Mineral exsolutions and diamond inclusions have been found in the Lü liangshan peridotites, indicating the possible origin of these rocks from mantle depths of >200 km (Song et al., 2004 (Song et al., , 2005a (Song et al., , 2005b . As such, this peridotite block would have been off-scraped from the SCLM wedge during the subduction of continental crust and then exhumed along the continental subduction channel. The major dehydration reactions within the subducting oceanic crust would mainly occur at the transition from amphibole-to eclogite-facies metamorphism and generally below 2Á5 GPa (Schmidt & Poli, 2003) . In this regard, the low-d . The fluids released from the dehydration of the subducting oceanic crust at fore-arc depths may cause hydration of the overlying mantle wedge, with enrichment of fluid-mobile incompatible trace elements (Zheng & Hermann, 2014) . The hydrated mantle wedge would be dragged down by the subducting continental crust along the slab-mantle interface; these ultramafic rocks would be subject to dehydration with further subduction to sub-arc depths of >80 km. The low-d 
ZIRCON RECORDS THE CRUSTAL METASOMATISM OF OROGENIC PERIDOTITES
Genesis of zircon in orogenic peridotites
Zircon is theoretically unable to crystallize from the primary peridotite owing to the low Zr content and Si activity of the bulk-rock (e.g. Palme & O'Neil, 2003; Fig. 13 . Polarized transmitted light images, BSE images and Raman spectra for multiphase solid inclusions in $400 Ma zircon domains from garnet pyroxenite 09QL70. Hermann et al., 2006a; Zheng, 2012) . However, not only were olivine inclusions found in zircon separates from the orogenic peridotites at Lü liangshan in North Qaidam (Song et al., 2005b; Xiong et al., 2011; this study) , but zircon grains were also identified in the thin sections of orogenic peridotite at this locality (Xiong et al., 2014 ; this study). These observations demonstrate that the zircons do indeed occur in the orogenic peridotites and would have grown inside the peridotite rather than the host gneiss.
Not only newly grown zircon but also old relict zircon has been found in orogenic peridotites. However, their origin is controversial. Newly grown zircon is generally ascribed to one of the following two mechanisms: (1) crystallization from metasomatic fluids of mantle origin (e.g. Grieco et al., 2001; Katayama et al., 2003; Zheng et al., 2006) ; (2) crystallization from metasomatic fluids derived from dehydration of the deeply subducted crust (e.g. Hermann et al., 2006a; Liati & Gebauer, 2009; Li et al., 2016) . The two mechanisms emphasize the role of metasomatic agents in dictating the growth of metamorphic and peritectic zircons in orogenic peridotites Zheng & Hermann, 2014) . Because both asthenospheric and lithospheric mantle have very low Zr contents, zircon cannot be directly crystallized from mantle-derived fluids produced by devolatilization of normal mantle rocks. Thus, the first mechanism does not hold for the growth of zircon in orogenic peridotites. In contrast, crustal rocks have variably high Zr contents and zircon is susceptible to crystallization from crustally derived fluids. As a consequence, zircon growth is common owing to crustal metasomatism at the slab-mantle interface in continental subduction channels (Zheng, 2012; Li et al., 2016) . This may occur during the subduction and exhumation of crustal rocks beneath the mantle wedge (Zheng & Hermann, 2014) .
For the old zircon in orogenic peridotites, two mechanisms have been proposed for its origin: (1) injection of granite-related melts into previously emplaced ultramafic rocks, carrying pre-existing zircon and possibly crystallizing new zircon (Belousova et al., 2015) ; (2) capture of xenocrysts from crustal rocks recycled by subduction (e.g. Yamamoto et al., 2013; Robinson et al., 2015; Li et al., 2016) . The first mechanism links the old and new zircons to granitic magmatism in the continental crust, emphasizing zircon introduction by secondary alteration to the mantle rocks after their emplacement. Thus it ascribes the occurrence of zircons in the ultramafic rocks to the infiltration of granitic melts at crustal levels. Granitic magmatism generally requires partial melting of crustal rocks at temperatures of at least 650 C, which is the upper limit for the temperature at the crust-mantle transition zone in continental lithosphere. At such low temperatures, only leucocratic granite can be produced by eutectic melting (Johannes & Holtz, 1996) , with the preservation of detrital zircon but very limited growth of magmatic zircon. Thus, this mechanism is applicable only to the association of orogenic peridotites with granites, and zircons in both peridotites and granites would have consistent U-Pb ages and Hf-O isotope compositions. Although there are granitic rocks of c. 400 Ma age in the Lü liangshan area (Wu et al., 2007; Song et al., 2014a) , the zircons in the peridotites and pyroxenites have distinct U-Pb ages and Lu-Hf isotope compositions from those of the c. 400 Ma granitic rocks (Fig. 16 ). In addition, no zircons older than 400 Ma occur in the granitic rocks, and 400 Ma zircons are observed in only a few Lü liangshan peridotite and pyroxenite samples. This is significantly different from the zircons recovered by Belousova et al. (2015) from the Tumut ophiolite. These observations indicate that the zircons in the Lü liangshan peridotites and pyroxenites cannot be linked to the granitic rocks and thus cannot be explained by this mechanism. The second mechanism links the old zircon in the ultramafic rocks to the recycling of deeply subducted crustal zircon, with its survival during dehydration melting at the slab-mantle interface in a subduction channel. This corresponds to the physical transport of detrital zircon from deeply subducted crustal rocks to the mantle wedge (Zheng & Hermann, 2014; Li et al., 2016) .
Zircon has also been found not only in garnet peridotites from other UHP terranes, including Sulu (e.g. Zhang et al., 2005 Zhang et al., , 2011 Zheng et al., 2006; Li et al., 2016) , the Alps (Hermann et al., 2006a) and the Erzgebirge (Liati & Gebauer, 2009 ), but also in mantle xenoliths (e.g. Liu et al., 2010a) and ophiolitic complexes (e.g. Yamamoto et al., 2013; Belousova et al., 2015; Robinson et al., 2015) . Recognition of zircon in thin sections of peridotite (e.g. Zhang et al., 2005 Zhang et al., , 2011  this study) and the paragenesis and the composition of mineral inclusions in peridotite zircon (e.g. Zhang et al., 2005 Zhang et al., , 2011 Hermann et al., 2006a) also demonstrate that the zircons would have been present in the orogenic peridotites before their tectonic emplacement to crustal levels and thus that they are not the product of crustal contamination. The zircon may, however, be the product of metasomatic reactions occurring when the mantle wedge peridotite was metasomatized by fluids derived from metamorphic dehydration and partial melting of deeply subducted crustal rocks at sub-arc depths. In this regard, zircon growth can be linked to the crustal metasomatism at the slab-mantle interface in continental subduction channels (Zheng, 2012; Li et al., 2016) .
Multiple growth of metasomatic zircon
Zircons from the garnet peridotites and pyroxenites at Lü liangshan show three major peaks in U-Pb ages:
(1) 417 6 4 to 426 6 3 Ma for intermediate-and highluminescence domains in garnet lherzolite 09QL64, high-luminescence cores in garnet pyroxenite 09QL70, and cores and mantles in garnet pyroxenite 09QL71 (Fig. 8a-c) ; (2) 404 6 3 to 405 6 8 Ma for some lowluminescence rims in garnet pyroxenite 09QL70 and all low-luminescent rims in garnet pyroxenite 09QL71 (Fig. 8b and c) ; (3) 368 6 3 Ma for some lowluminescence rims in garnet pyroxenite 09QL70 (Fig.  8b) . Although these three clusters of zircon U-Pb ages have been reported previously (Song et al., 2005b; Meng & Zhang, 2009; Xiong et al., 2011 Xiong et al., , 2014 , their origin still remains enigmatic. Resolving this issue requires an integrated interpretation of all the geochemical data together with U-Pb geochronology (e.g. Hermann et al., 2006a; Chen et al., 2010; Belousova et al., 2015; Li et al., 2016) . This study presents new zircon U-Pb ages and also trace elements, mineral inclusions and Hf-O isotopes. The results can be used to provide new constraints on the origin of zircons in the orogenic peridotites and pyroxenites.
The $420 Ma zircon domains generally exhibit only a weak negative Eu anomaly, low REE contents and flat HREE patterns and contain mineral inclusions of Ol, Cpx, Opx and Gr (Figs 9 and 11 ). This suggests their growth in the garnet stability field. However, they occur as different zircon domains, including highluminescence cores in sample 09QL70, high-and intermediate-luminescence domains in sample 09QL64, and cores and mantles in sample 09QL71 (Fig. 8) . These domains exhibit differences in Th/U ratios and some trace element contents (Fig. 12) . For example, the zircon domains in samples 09QL70 and 09QL71 generally exhibit low Th/U ratios of <0Á1. In contrast, those in samples 09QL64 and 09QL71 generally show high Th/U ratios of >0Á1. These data suggest that zircon growth is associated with different compositions of fluids.
For garnet pyroxenite 09QL71, the $420 Ma zircon cores with high Th/U ratios also have slightly higher Th, U, REE, Nb and Ta contents than the other domains of $420 Ma age with low Th/U ratios (Table 3, Figs 11c and  12) . Experimental studies and natural observations indicate that hydrous melts generally have high trace element contents and higher Th/U ratios than aqueous solutions (e.g. Hermann et al., 2006b; Zheng & Hermann, 2014) . Zircons crystallized from aqueous solutions generally exhibit low Th/U ratios of <0Á1 and relatively low REE contents, and contain no MS inclusions (e.g. Rubatto & Hermann, 2003; Chen et al., 2010; Li et al., 2013) . In this regard, the low Th/U zircon (<0Á1) domains that also have low REE contents and contain no MS inclusions are inferred to grow during metasomatism by aqueous solutions derived from metamorphic dehydration. On the other hand, peritectic zircon is generated by peritectic reactions with the concurrent production of hydrous melts. It often has high Th/U ratios of >0Á1 and relatively high REE contents, and contains MS inclusions (e.g. Chen et al., 2010 Chen et al., , 2015a Li et al., 2014) . Because the zircon domains in garnet pyroxenite 09QL71 have both high and low Th/U ratios, both aqueous solutions and hydrous melts would have been present during zircon growth. Nevertheless, these two types of domains show similar Hf-O isotope compositions and U-Pb ages (Table 3, Figs 10c, d and 14b ), suggesting that they are simultaneously generated through metasomatic reactions with fluids from the same crustal rocks.
Under deep subduction zone conditions, aqueous solutions and hydrous melts can become completely miscible to form supercritical fluids at elevated pressures (e.g. Hermann et al., 2006b; Zheng et al., 2011) . With decreases in both temperature and pressure, the supercritical fluids would separate into aqueous solutions and hydrous melts, respectively (Xia et al., 2010; Kawamoto et al., 2012) . In this regard, the coexistence of aqueous solutions and hydrous melts during zircon growth in garnet pyroxenite 09QL71 may imply the Hf ratio of 0Á0384 (Griffin et al., 2000) . CHUR, Chondritic Uniform Reservoir. possible presence of a precursor supercritical fluid. Furthermore, the $420 Ma zircon domains from different samples exhibit significantly different Hf-O isotope compositions (Figs 14 and 15) , indicating their growth during metamorphic dehydration or dehydration melting of different crustal rocks. The younger U-Pb ages of c. 420 Ma compared with the peak UHP metamorphic age of c. 420-430 Ma and the occurrence of graphite inclusions rather than diamond inclusions indicate that these zircon domains have grown during the initial exhumation stage of deeply subducted continental crust at diamond-stable mantle depths (Song et al., 2005b) .
The $400 Ma zircon domains contain MS inclusions of Qtz þ Kfs þ Pl (Fig. 9b) . Similar MS inclusions composed of felsic minerals have been found in zircon, garnet and omphacite in UHP metamorphic rocks elsewhere (e.g. Gao et al., 2012 Gao et al., , 2014 Liu et al., 2013; Frezzotti & Ferrando, 2015) , and are interpreted as representative of former anatectic melts. This feature is also similar to fully crystallized melt inclusions in migmatites and granulites (Cesare et al., 2009) . Furthermore, these zircon domains exhibit weak zoning, planar zoning or no zoning, low Th/U ratios <0Á1, high REE contents and steep HREE patterns with negative Eu anomalies, consistent with those of peritectic/anatectic zircon found in UHP metamorphic rocks from the Sulu orogen (e.g. Chen et al., 2013b Chen et al., , 2015a Li et al., 2014) , but different from those of metamorphic zircon formed in association with aqueous fluids (e.g. Rubatto & Hermann, 2003; Zheng, 2009; Li et al., 2013) . Therefore, these zircon domains are considered to be generated through metasomatism of mantle peridotite by hydrous melts; the zircons show variable properties with the extent of reaction. Carbonate minerals occur as MS inclusions and mineral inclusions in these zircon domains (Figs 9 and 13b) , suggesting the presence of carbon in these melts .
The zircon domains with U-Pb ages of 368 6 3 Ma exhibit no zoning (Fig. 8b) , low Th/U ratios < 0Á1, high REE contents and steep HREE patterns with negative Eu anomalies (Fig. 11b) , similar to the $400 Ma zircon domains. They also have similar Hf-O isotope compositions to the $400 Ma zircon domains (Fig. 14 and Table  3 ). These similarities indicate that this group of zircon domains resulted fom recrystallization of the $400 Ma zircon. The ages of $368 6 3 Ma are considerably later than that of the collisional orogeny. Thus the zircon domains of such ages were produced by a thermal event during the post-collisional stage. Nevertheless, it remains to be resolved what a kind of fluids was involved in the zircon growth at this stage.
Origin of zircon-forming fluids
Zircons in the Lü liangshan peridotite exhibit a large variation in e Hf (t) values ranging from -27Á9 to 11Á2 and d
18 O values from 5Á4 to 6Á6%, similar to or higher than those of the normal mantle (Figs 15 and 16 , Table 3 ). Such zircon Hf-O isotope compositions suggest a crustal origin rather than a mantle origin. The finding of olivine inclusions in zircons and zircon in thin sections (Figs 2h and 9) indicate that these zircons were crystallized during fluid metasomatism inside the peridotites and pyroxenites rather than being xenocrysts incorporated during peridotite emplacement through continental crust. The differences in zircon U-Pb ages and Hf isotopes are evident between the peridotites and pyroxenites and granites in the Lü liangshan area (Fig. 16) , indicating that these zircons cannot be linked to the granitic rocks. The zircons from garnet lherzolite 09QL64 have relatively homogeneous d
18 O values of 5Á4-6Á3% (Table 3  and Fig. 15 ), which are higher than the normal mantle value of 5Á3 6 0Á3% (Valley et al., 1998) . Raman spectra (Fig. 9) and trace element compositions for these zircons indicate that they are well crystallized with no signs of secondary alteration. In addition, there is no correlation between U-Pb ages and d
18 O values for these zircons. Therefore, these high zircon d
18 O values were not caused by the secondary alteration as suggested by Belousova et al. (2015) and Davies et al. (2015) . Instead, the high zircon d (Fig. 7) . This can be explained by a three-stage process in the tectonic evolution of these orogenic peridotites: (1) high-temperature fluid metasomatism of the normal peridotite by the subducting igneous oceanic crust-derived low-d
18 O fluids at fore-arc depths, resulting in low-d 18 O, serpentinized peridotites; (2) dehydration of the altered peridotites through serpentine breakdown at UHP conditions in the subduction channel, generating low-d
18 O but high Mg# olivine; (3) Song et al., 2007; Yang & Powell, 2008; Xiong et al., 2014 Xiong et al., , 2015 .
Because the zircons in the peridotites and pyroxenites grew with the involvement of crustal fluids, their Hf isotope compositions are mixtures between those of the metasomatic fluids and the peridotites. The variation in the Zr and Hf contents of minerals such as garnet and pyroxene in the peridotite and pyroxenite also indicates that these minerals were also metasomatic products during the growth of zircon (Fig. 4 and Supplementary Data Table A2 ). Because the different origins of fluid would generally have different Hf isotope compositions, their reaction with the peridotite would result in different zircon Hf isotope compositions. In this respect, although the zircon Hf isotope compositions were not the same as those of the fluids, they can provide constraints on the origin of the fluids. The zircon O isotope compositions suggest an origin from both oceanic and continental crustal rocks. However, fluids with highly variable and extremely negative e Hf (t) values cannot directly originate from the igneous oceanic crust, which would generally release fluids with positive and relatively restricted e Hf (t) values (e.g. Zhang et al., 2016c Zhang et al., , 2016d O values. In this regard, the fluids are more probably released from deeply subducted continental crust. We further suggest that the zircon growths of different episodes in the Lü liangshan peridotites were produced through metasomatic reactions owing to infiltration of fluids originating from deeply subducted continental-type UHP metamorphic rocks in North Qaidam. This is based on the following observations: (1) fluid action with similar U-Pb ages in subducted continental crust has been widely recognized in UHP metamorphic rocks in North Qaidam (Fig. 17) ; these ages are comparable with those for the continental subduction and exhumation but younger than the oceanic subduction in North Qaidam (e.g. Song et al., 2014a; Zhang et al., 2016d) ; (2) (Fig. 15) ; (3) zircons in the peridotites and pyroxenites have Hf-O isotope compositions comparable with those of the UHP metamorphic rocks ( Figs 15 and 16) ; (4) zircon Hf-O isotopes in the peridotites and pyroxenites are similar to those in the felsic veins and leucosomes of similar age within the UHP metamorphic rocks, recording fluid action during continental collision (Liu et al., 2014; Yu et al., 2015b) .
The gneiss in the Lü liangshan area also records two episodes of fluid action during continental collision. The $430 Ma zircon domains exhibit low Th/U ratios of <0Á1 and relatively flat HREE patterns with only a weak negative Eu anomaly (Figs 11d and 12) , suggesting their growth through metamorphic reaction associated with liberation of aqueous solutions during eclogite-facies metamorphism. The $400 Ma zircon domains exhibit high Th and U contents, but low Th/U ratios of <0Á1, and steep HREE patterns with marked negative Eu anomalies (Figs 11d and 12) . These features are similar to those of peritectic/anatectic zircons in UHP metamorphic rocks (e.g. Chen et al., 2013b Chen et al., , 2015a Li et al., 2014; Yu et al., 2015a Yu et al., , 2015b Zhang et al., 2015b) but different from those of metamorphic zircons (e.g. Rubatto & Hermann, 2003; Zheng, 2009; Chen et al., 2010; Li et al., 2013) . Combined with the oscillatory zoning in some zircon domains, these $400 Ma zircon domains are suggested as the products of crystallization through peritectic reaction associated with the production of anatectic melts during the exhumation of deeply subducted continental crust at a late stage.
It appears that there is a close similarity in the structure (core-rim) and U-Pb ages (420-430 Ma CL-light cores versus $400 Ma CL-dark rims) of zircon grains from the garnet pyroxenite samples and their host gneisses. This further indicates that the zircons in the garnet pyroxenite crystallized through metasomatic reactions with the same episodes of fluid action as in the subducted and exhumed continental crust. Similar ages of fluid action in the subducted and exhumed continental crust have been found not only in the gneiss of the Lü liangshan terrane, but also in the UHP metamorphic rocks elsewhere in North Qaidam (Fig. 17) . Similarities in zircon structure and U-Pb ages between orogenic peridotite and their host gneisses have also been widely found in the Dabie-Sulu orogenic belt (e.g. Zheng et al., 2006; Zhang et al., 2011; Li et al., 2016) , which were also caused by metasomatic reaction of the mantle wedge peridotite with fluids from the deeply subducted continental crust (Zhang et al., 2011; Li et al., 2016) . Likewise, the occurrence of 400 Ma zircon in the granitic rocks also suggests that the granitic rocks have a genetic relationship to fluids that originated from the subducted and exhumed continental crust (Song et al., 2014a) .
However, two episodes of fluid action in the host gneiss cannot explain the large variation in the Hf isotope compositions of the zircons in the Lü liangshan peridotites and pyroxenites (Fig. 16) . Therefore, the fluids involved in the crustal metasomatism of the Lü liangshan peridotites must have originated from another portion of the deeply subducted continental crust rather than their immediate host gneiss. This further indicates that the crustal metasomatism of the Lü liangshan peridotites and pyroxenites predates the present juxtaposition of the peridotite and pyroxenite and the host gneiss. The large variations in the zircon Lu-Hf isotope compositions in the Lü liangshan peridotites and pyroxenites are comparable with those in UHP metabasite, metagranite and metasediment (Fig. 16 ). In addition, single zircon grains in garnet lherzolite 09QL64 and garnet pyroxenite 09QL71 exhibit opposed zoning in d
18 O values from core to mantle/rim of 6Á3-5Á7% and 6Á1-6Á6%, respectively, formed at different times (Table 3 and Fig. 8 ). These observations imply that fluids that originated from different types of UHP metamorphic rocks were all involved in the metasomatism of the orogenic peridotites. These different lithologies have different Hf-O isotope compositions and thus would release fluids with different Hf-O isotope compositions either at different times or at the same time (e.g. Liu et al., 2014; Zhang et al., 2016d) .
CONSTRAINTS ON THE COMPOSITION OF METASOMATIC FLUIDS
The Lü liangshan peridotites and pyroxenites are characterized by the occurrence of volatile-bearing phases such as amphibole and phlogopite (Fig. 2) , depletion in 'fertile' major elements and enrichment in large ion lithophile elements (LILE) and LREE (Song et al., 2007; Shi et al., 2010; Xiong et al., 2014 Xiong et al., , 2015 . These features indicate their metasomatism by crust-derived fluids with high LILE and LREE abundances. The minerals in the Lü liangshan peridotites and pyroxenites show large variations in their major element compositions, especially for Mg# (Fig. 3) , implying different episodes of mineral growth or recrystallization. Whereas the minerals in the dunites generally have higher Mg# (Fig. 3) , some minerals in the lherzolites and especially in the pyroxenites have lower Mg# (Fig. 3) . Some minerals also show negative Eu anomalies (Fig. 4) , indicating their crustal origin. Mineral inclusions such as clinopyroxene, orthopyroxene and olivine occur in the $420 Ma zircons (Fig. 9 ), indicating that metasomatism by the subducted continental crust-derived fluids not only results in the growth of zircon, but also in the formation of some other minerals such as garnet and pyroxene.
Phlogopite mainly occurs in the Lü liangshan pyroxenites from which zircons were recovered (Fig. 2) . Previous studies also found that zircon occurs only in phlogopite-bearing peridotites in the Sulu orogen; phlogopite was formed with zircon under UHP conditions (Zhang et al., 2011) . These observations suggest that the formation of phlogopite was also related to the $420 Ma zircon growth. Combined with the mixing trends in some major (Mg# vs CaO, Al 2 O 3 and Na 2 O) elements between dunite, lherzolite and pyroxenite (Shi et al., 2010) , it is inferred that the lherzolites and pyroxenites were generated by metasomatic reaction of peridotite with continental crust-derived fluids. Furthermore, in view of the mineral compositions, it is inferred that the continental crust-derived fluids were likely to be rich in Si-Al-Ca-Na-K. The finding of graphite inclusions in the $420 Ma zircon (Fig. 9) suggests that these fluids also contain carbon. The occurrence of phlogopite (Fig. 2) , the enrichment of LILE and LREE in some garnet and pyroxene in pyroxenite (Fig. 4a-f) , and the enrichment of LILE and LREE in the whole-rocks (Shi et al., 2010) suggest that these fluids were also enriched in LILE and LREE. The formation of zircon and the higher HREE and HFSE in the lherzolites and pyroxenites (e.g. Song et al., 2007; Shi et al., 2010) imply that these fluids should also contain considerable amounts of HREE and HFSE. The high abundances of REE and HFSE in these fluids confirm the results from the geochronological study that hydrous melts (or supercritical fluids) were involved in this episode of metasomatism at $420 Ma.
Clinopyroxene from the Lü liangshan pyroxenites is characterized by positive Pb and Sr anomalies, U > Th and Ta > Nb (Fig. 4d) . This is very similar to clinopyroxene from the Ulten garnet peridotite (Scambelluri et al., 2006) ; this is typical of metasomatic pyroxene formed as a result of infiltration of crustal melts in subduction zones. Because clinopyroxene is a major phase in the garnet pyroxenites, its composition influences their bulk composition. This lends further support to the interpretation that the Lü liangshan pyroxenites were generated through metasomatic reaction of the peridotite with crustal-derived melts. Clinopyroxene in the Lü liangshan lherzolites also shows similar trace element characteristics to that in the pyroxenites (Fig. 4d) , suggesting that the lherzolites contain a similar metasomatic imprint of crust-derived melts to the pyroxenites.
Although calcite and dolomite inclusions, together with MS inclusions, are observed in the $400 Ma zircon domains, it is difficult to identify the mineral species formed in this episode of metasomatism. Nevertheless, the $400 Ma metasomatism occurred during the late exhumation stage, corresponding to amphibolite-facies retrogression of the UHP metamorphic rocks. In this regard, the formation of amphibole is probably related to this episode of zircon growth. As shown in Fig. 4g , some amphiboles (Amp-2) show pronounced negative Eu anomalies, suggesting that they were generated by involvement of fluids in equilibrium with plagioclase. This further confirms the interpretation that the $400 Ma metasomatism occurred at an advanced stage of exhumation. The elevation of LREE (and even HREE) in amphiboles from the pyroxenites ( Fig. 4g and h ) implies that the metasomatic fluids were hydrous melts rather than aqueous solutions, consistent with the zirconological results. For the fluids that originated from the subducted oceanic crust, owing to the overprinting of metasomatism by later continental crust-derived fluids, it is hard to constrain their composition with certainty.
The hydrothermal alteration of peridotite on the seafloor was envisaged by Yang & Powell (2008) to induce serpentinization. Such high-temperature seawater (hydrothermal) alteration can occur at a spreading ridge, resulting in newly produced basalt and gabbro with low-d
18 O values (Gregory & Taylor, 1981) . However, it is unknown whether harzburgite beneath the igneous oceanic crust also experiences the same high-temperature seawater-hydrothermal alteration. Even if it does, the altered peridotite must move together with the oceanic crust from the ridge to a trench, where it is carried into the subduction channel for dehydration. This involves the ridge-trench transition with tectonic emplacement of ophiolite at a continental margin . Such a process may be associated with the closure of a back-arc basin , which remains to be verified. Seawater itself is not enriched in LILE and LREE relative to HFSE and (Fig. 3) , a few olivines with very high Mg# were observed in some peridotite samples (Yang & Powell, 2008) . Therefore, the mantle wedge peridotite was first serpentinized during subduction to the fore-arc depths and then dragged down by the subducting continental crust into the subduction channel where fragments of it underwent dehydration and recrystallization to release the low-d 18 O fluids under UHP conditions to form the garnet peridotite.
IMPLICATIONS FOR CRUST-MANTLE INTERACTION IN THE CONTINENTAL SUBDUCTION CHANNEL
The tectonic transition from oceanic subduction to continental subduction would not only produce HP to UHP metamorphic rocks but would also cause crust-mantle interaction by reaction of fluids derived from both subducted oceanic and continental crust with the overlying mantle wedge above subduction channels (e.g. Zheng, 2012; . The geochemical signatures of both mantle wedge and subducted crust can be recorded in orogenic peridotites. In this regard, we infer that the Lü liangshan peridotite was originally part of the SCLM wedge and thus provides a direct record of crust-mantle interaction in a continental subduction channel.
The results of the present study show that the garnet pyroxenite has a significantly different O isotope composition from the garnet dunite and lherzolite (Figs 5 and 7). The pyroxene-rich ultramafic lithologies also have radiogenic isotope compositions different from those of the olivine-rich ultramafic layers . The different isotope compositions of these different types of ultramafic rock suggest that they underwent metasomatism by fluids of different origin. Thus, the Lü liangshan pyroxene-rich ultramafic rocks, such as garnet pyroxenite and garnet lherzolite, were probably produced by different extents of crustal melt addition to the mantle wedge peridotite rather than by different extents of mafic melt extraction or as ultramafic cumulates. This is consistent with the good correlations between major and trace elements in the dunite, garnet lherzolite and garnet pyroxenite (Song et al., 2007; Shi et al., 2010) .
In contrast, the garnet lherzolite and garnet pyroxenite underwent multiple episodes of metasomatism by fluids that originated from the subducted oceanic and continental crust during the Early Paleozoic. Zircons in the garnet lherzolite and garnet pyroxenite were newly grown through metasomatic reactions associated with addition of metasomatic fluids released from the subducted continental crust, rather than recrystallized from protolith zircon. As a result of the multiple episodes of metasomatism by crustally derived fluids, the geochemical compositions of minerals and whole-rocks are often composite and thus become difficult to interpret because they represent the integration of different processes. In this regard, the meaning of the radiogenic isotope compositions of the bulk analyses is ambiguous and may be not used to date the timing of refertilization. Similarly, the old U-Pb ages and Hf model ages of zircons also have nothing to do with the time of crustmantle differentiation with respect to the formation of the orogenic peridotite (Zheng, 2012) . Therefore, it is problematic in terms of whole-rock and mineral radiogenic isotopes to suggest that the refertilization of the mantle peridotites occurred during the Proterozoic owing to the addition of mafic melts that originated from the depleted asthenosphere (Shi et al., 2010; Xiong et al., 2015) .
The zircon U-Pb dates indicate that the Lü liangshan peridotite underwent crustal metasomatism during the Early Paleozoic (Fig. 17) . The whole-rock and mineral compositions (Song et al., 2007; Shi et al., 2010; Xiong et al., 2011 Xiong et al., , 2015 ; this study) suggest that the garnet lherzolite and pyroxenite were generated through metasomatic reactions caused by significant addition of metasomatic fluids derived from dehydration melting of deeply subducted continental crust rather than from decompressional melting of normal asthenospheric mantle. Although the dunites could have been refertilized during Proterozoic crust-mantle differentiation, it is more likely that the formation of garnet lherzolite and garnet pyroxenite is mainly caused by addition of hydrous melts that originated from deeply subducted continental crust during the Early Paleozoic. Nevertheless, no matter which petrogenetic process formed the lherzolite and pyroxenite, the zircon and mineral O isotope results of this study indicate that the two types of ultramafic rock were generated by metasomatic reaction of normal peridotite with fluids derived from dehydration and/or melting of both deeply subducted oceanic and continental crust. The metasomatic minerals from the orogenic peridotite record the contrasting interactions between the overlying mantle wedge and crustal fluids and thus witness the tectonic transition from oceanic subduction to continental subduction/collision at a convergent continental margin (Fig. 18) .
Continental convergence between the Qaidam and Qilian Blocks has been well documented in previous geological and geochronological studies (e.g. Yang et al., 2002; Xu et al., 2006; Chen et al., 2009; Zhang et al., 2010 Zhang et al., , 2016b Zhang et al., , 2016d Song et al., 2014a) . The oceanic slab of the fossil Qilian ocean was subducted northwards beneath the Qilian Block prior to $460 Ma. With the subduction of this oceanic slab, a series of processes such as HP to UHP metamorphism of the subducting crustal rocks, metasomatism of the mantle wedge by subducting crust-derived fluids, and oceanic to continental arc magmatism would have developed. Island arc volcanic rocks with ages of $514 Ma (Shi et al., 2006) , arc-related gabbros with an age of $496 Ma (Yuan et al., 2002) and I-type granitoid plutons with ages of $470 Ma (Wu et al., 2009) have been found in the North Qaidam zone. The geochemical and geochronological studies of HP and UHP metamorphic rocks from North Qaidam also indicate the tectonic transition from oceanic subduction to continental collision (e.g. Song et al., 2014a; Zhang et al., 2016d) . These processes were preceded by the subduction of an oceanic lithospheric slab, associated with crust-mantle interaction between the subducting oceanic crust and the overlying mantle wedge at the slab-mantle interface (Fig. 18) .
During the subduction of the oceanic slab to fore-arc depths, low-d
18
O aqueous solutions were released from the subducting igneous oceanic crust at the metamorphic transition from blueschist facies to eclogite facies (e.g. Schmidt & Poli, 2003; . The released solutions moved upwards to react with the overlying shallow and cold mantle wedge peridotite (Fig. 18a) . This resulted in low-d
O hydrous minerals, such as serpentine and chlorite, forming in the peridotite. With further subduction of the oceanic slab to subarc depths of 80-160 km, the altered peridotites underwent dehydration through serpentine breakdown, resulting in low-d
18 O but high-Mg# olivine. The high-d 18 O aqueous solutions were also released to metasomatize the overlying mantle wedge peridotite (e.g. Kelemen et al., 2003; . This involved the breakdown of hydrous minerals in subducting metasediments, releasing aqueous fluids and inducing partial melting to produce high-d 18 O hydrous melts (e.g. Scambelluri et al., 2006; Zheng et al., 2011) . Reaction of these high-and low-d
O fluids with the mantle wedge peridotite caused metasomatism in the lower part of the mantle wedge, the partial melting of which eventually led to arc magmatism (Fig. 18a) . We suggest that the Lü liangshan peridotite originated from part of the metasomatized mantle wedge.
During continental collision, the mantle wedge peridotite was in contact with UHP metamorphic rocks at the slab-mantle interface , undergoing structural shearing and ductile deformation. Close to the subducted slab it became fragmented and portions were detached and incorporated into the subduction channel, where they experienced different extents of metasomatic interaction. Three types of metasomatic agent-aqueous solution, hydrous melt and supercritical fluid-have been recognized in the sub-arc mantle above subduction zones (Hermann et al., 2006b; Zhang et al., 2008; Xia et al., 2010; Zheng et al., 2011 Kawamoto et al., 2012; Liu et al., 2014; Zheng & Hermann, 2014) . Our study indicates that these three types of fluid can all be involved in metasomatism of the peridotite at the slabmantle interface. The P-T variations during the transport of fluids upwards into the mantle wedge have a significant influence on the stability of HFSE complexes. This may result in the formation of metasomatic minerals, including HFSE-bearing accessory phases, and olivinepoor metasomatites such as Cpx-rich peridotite, pyroxenite and even hornblendite (Fig. 18b) . As a result of the 'hot' exhumation of deeply subducted continental crust, the UHP metamorphic rocks experienced decompressional dehydration, releasing significant amounts of aqueous solution during the early exhumation stage (e.g. Zheng, 2009; Zheng & Hermann, 2014) . This led to anatexis of the UHP rocks to produce hydrous silicate melts during the late exhumation stage. The $400 Ma zircon domains in the Lü liangshan peridotite are produced through metasomatic reactions involving the anatectic melts (Fig. 18c) .
The markedly variable Hf-O isotope compositions of zircons from the garnet lherzolite and garnet pyroxenite (Figs 14 and 15) suggest that different compositions of fluids, derived from the subducted continental crust, were involved in the metasomatism of the orogenic peridotites. Previous studies have demonstrated that different parts of the deeply subducted continental crust have different geochemical compositions (e.g. Zhao et al., 2008; Zheng et al., 2009; Dai et al., 2012; Zheng, 2012; Song et al., 2014a; Zhang et al., 2016d) , and are exhumed differently in a continental subduction channel . They may release aqueous solutions and hydrous melts with different geochemical compositions at different times and localities Zheng & Hermann, 2014; Xiao et al., 2015) . These metasomatic agents react not only with the fragmented peridotites inside the subduction channel but also with the overlying SCLM peridotite. This fluidperidotite interaction not only changes the geochemical composition of peridotites but also results in the formation of pyroxene-rich layers in the mantle wedge. The bottom of the SCLM wedge could be fragmentally detached again during the exhumation of the continental crust into the subduction channel and the fragmented peridotites would be eventually transported to the surface. As a consequence, orogenic peridotites can record not only different episodes of crust-mantle interaction at the slab-mantle interface in a continental subduction channel but also crust-mantle interaction between the previously subducted oceanic slab and the overlying mantle wedge.
CONCLUSIONS
The orogenic peridotites in North Qaidam were fragments of an SCLM wedge, and record different episodes of metasomatism by fluids from deeply subducted oceanic and continental crust. The metasomatism of orogenic peridotites by fluids with an oceanic crustal signature reflects dehydration of low-d
18 O igneous oceanic crust at fore-arc depths beneath the mantle wedge, which became significantly hydrated via fluid-peridotite interaction at the slab-mantle interface in the oceanic subduction channel. During subsequent continental collision, the mantle wedge peridotite experienced two episodes of metasomatism by fluids released from the deeply subducted continental crust in the continental subduction channel. The first episode of crustal metasomatism was induced by high-d
18 O fluids released during the early stages of exhumation. The fluids were rich in Si-Al-Ca-Na-K, LILE and LREE, and also contained a considerable amount of HREE and HFSE. The second episode of crustal metasomatism was induced by high-d
18
O hydrous silicate melts released from the deeply subducted continental crust during the late stage of exhumation. Thus, different types and compositions of metasomatic agent were involved in the crust-mantle interaction in the continental subduction channel. This not only changes the geochemical composition of the mantle wedge peridotite, but also results in the growth of metasomatic minerals, including not only major phases such as clinopyroxene and garnet but also accessory phases such as zircon and spinel, with the consequent formation of pyroxenerich ultramafic layers such as garnet lherzolite and garnet pyroxenite at the slab-mantle interface in the continental subduction channel. Therefore, the orogenic peridotites provide direct records not only of the contrasting crust-mantle interactions in the continental subduction zone but also of the tectonic transition from oceanic subduction to continental collision.
